Purpose Pulmonary complications occur frequently in primary antibody deficiency (PAD). While the impact of antibody deficiency may appear implicit for certain respiratory infections, immunoglobulin replacement therapy does not completely ameliorate pulmonary complications in PAD. Thus, there may be antibody-independent factors influencing susceptibility to respiratory disease in PAD, but these remain incompletely defined. Methods We harnessed the multicenter US Immunodeficiency Network primary immunodeficiency registry to compare prevalence of asthma, bronchiectasis, interstitial lung disease (ILD), and respiratory infections between two forms of PAD: common variable immunodeficiency (CVID) and x-linked agammaglobulinemia (XLA). We also defined the clinical and immunological characteristics associated with ILD and asthma in CVID. Results Asthma, bronchiectasis, ILD, pneumonia, and upper respiratory infections were more prevalent in CVID than XLA. ILD was associated with autoimmunity, bronchiectasis, and pneumonia as well as fewer B and T cells in CVID. Asthma was the most common chronic pulmonary complication and associated with lower IgA and IgM in CVID. Age of symptom onset or CVID diagnosis was unrelated with ILD or asthma. Conclusion Despite having less severe immunoglobulin deficiency than XLA, respiratory infections, ILD, and asthma were more common in CVID. Among CVID patients, ILD was associated with autoimmunity and reduced lymphocytes and asthma with lower immunoglobulins. Though our results are tempered by registry limitations, they provide evidence that factors beyond lack of antibody promote pulmonary complications in PAD. Efforts to understand how genetic etiology, nature of concurrent T cell deficiency, and propensity for autoimmunity shape pulmonary disease may improve treatment of PAD.
Introduction
Pulmonary complications occur frequently in primary antibody deficiency (PAD), with these patients having a heightened risk of acute respiratory infections as well as chronic lung disease [1] [2] [3] . While the role of antibody deficiency in susceptibility to infection and bronchiectasis may be inherent, other pulmonary complications, like asthma and interstitial lung disease (ILD), may be a consequence of infectious as well as non-infectious factors [4] [5] [6] [7] . Importantly, lung disease remains a frequent manifestation and leading cause of morbidity and mortality in PAD despite immunoglobulin (Ig) replacement therapy for reasons that are incompletely defined [8] [9] [10] [11] [12] . Better understanding of the antibody-independent factors that influence the progression of lung disease in PAD may help improve treatment.
Common variable immunodeficiency (CVID) and x-linked agammaglobulinemia (XLA) are distinct forms of PAD that share profound antibody deficiency, requirement for Ig replacement therapy, and susceptibility to lung disease [11] [12] [13] [14] [15] . Despite these similarities, differences in the occurrence of some forms of lung disease between CVID and XLAwere reported in a single-center study from Iran [16] . Moreover, CVID patients have variable susceptibility to pulmonary disease [17, 18] . Uncovering the reasons why lung disease manifestations vary so greatly among patients with PAD on Ig replacement therapy may help our understanding of the antibody-independent factors that influence pulmonary complications.
Few multicenter studies have been conducted to study factors influencing pulmonary disease in PAD, and these have not focused on the chronic lung complications of asthma or ILD [14, 19, 20] . We harnessed the multicenter US Immunodeficiency Network (USIDNET) registry to compare prevalence of pulmonary complications in CVID and XLA as well as identify associated clinical and laboratory characteristics of asthma and ILD. Our results indicate that pulmonary complications in PAD are shaped by factors that extend beyond antibody deficiency, as acute and chronic lung disease were significantly more common in CVID even though Ig deficiency was more profound in XLA. In CVID, ILD was linked with autoimmune cytopenias and T cell deficiency, while asthma was associated with greater Ig deficiency, despite this complication being less common in XLA. Further exploration of these factors influencing pulmonary complications may improve clinical management of PAD.
Methods

Patient Registry Query
Data were obtained from USIDNET, a program of the Immune Deficiency Foundation, supported by a cooperative agreement, U24AI86837, from the National Institute of Allergy and Infectious Diseases. A query was submitted to the USIDNET registry requesting demographics, age at symptom onset, age at diagnosis, respiratory and autoimmune conditions, Ig levels, complete blood count, and lymphocyte screen for patients with a diagnosis of CVID and XLA. Patients with a diagnosis of CVID were included in the analysis if they had an IgA and/or IgM value which was less than two standard deviations below the standard mean for age [21] . We did not exclude patients with IgG levels within two standard deviations of the laboratory mean since patients may have been on Ig replacement at the time of enrollment. CVID patients included in this study were not linked with a specific genetic diagnosis. For the purpose of this manuscript, the following diagnoses were included as ILD: bronchiolitis obliterans, bronchiolitis obliterans organizing pneumonia, cryptogenic organizing pneumonia, diffuse infiltrative lung disease, fibrosis of lung, follicular bronchiolitis, interstitial lung disease, interstitial pneumonia, lymphoid interstitial pneumonia, multiple hyalinizing granulomas of lung, multiple nodules of lung, pulmonary granuloma, pulmonary nodular lymphoid hyperplasia, pulmonary sarcoidosis, respiratory bronchiolitis-associated interstitial lung disease, restrictive lung disease, and sarcoidosis. The following diagnoses were included as autoimmune disease: Addison's disease, antiphospholipid syndrome, antisynthetase syndrome, autoimmune encephalitis, autoimmune enteropathy, autoimmune hepatitis, Behcet's syndrome, celiac disease, Crohn's disease, dermatomyositis, diabetes mellitus type 1, discoid lupus erythematosus, essential mixed cryoglobulinemia, Graves' disease, Hashimoto's thyroiditis, Henoch-Schoenlein purpura, iritis/uveitis, juvenile rheumatoid arthritis, mixed connective tissue disease, psoriasis, myasthenia gravis, optic neuritis, primary biliary sclerosis, Raynaud's disease, rheumatoid arthritis, Sjogren's syndrome, systemic lupus erythematosus, systemic sclerosis, ulcerative colitis, vasculitis, and vitiligo,
Statistical Analysis
Statistical analysis was performed using R studio® version 1.1.49 and Microsoft® Excel© 2016. Chi-square test of independence was used to compare categorical values and MannWhitney test was used for continuous variables. Odds ratio (unadjusted) was used to compare the prevalence of various respiratory conditions between XLA and CVID patients. Continuous variables were summarized using median (interquartile range, IQR).
Results
Clinical and Laboratory Comparison between USIDNET Patients with CVID and XLA
To determine whether the form of PAD influenced the prevalence of specific pulmonary complications, we compared data from patients with CVID and XLA in the USIDNET registry.
Data from 1647 patients with a diagnosis of CVID or XLA were obtained from the registry. Five hundred and seventyeight patients were excluded because they were documented as cases of CVID without an IgA or IgM less than two standard deviations below the mean for age and thus did not meet consensus guidelines for this diagnosis [22] . Of the 1069 remaining patients, 749 had a diagnosis of CVID and 320 had a diagnosis of XLA. The data were entered from 209 contributors, with a median of two patients entered per contributor (interquartile range 1 to 4).
Differences in patient demographics and immunological lab values between the CVID and XLA cohorts were generally as expected ( Table 1 ). The XLA cohort was entirely male compared to 43% of CVID patients. CVID patients were older, had later symptom onset, were diagnosed later, and had fewer CD4+ and CD8+ T cells than XLA patients (P < 0.001). IgA and IgM as well as circulating CD19+ B cells were all significantly lower in XLA compared to CVID (P < 0.001). Pre-diagnostic IgG levels were also lower in XLA compared to CVID (P = 0.015), but values were only available in 179 with CVID and 11 with XLA. Use of the registry data did not allow us to match the cohorts for length of time of IgG replacement therapy or follow-up.
Comparison of Pulmonary Complications between Patients with CVID and XLA
We next compared the prevalence of specific pulmonary complications between the CVID and XLA patients from the USIDNET registry. The prevalence of ILD was significantly higher in patients with CVID compared to XLA (14.3% vs. 2.2%, P < 0.001) with an odds ratio of 7.45 ( Table 2 ). The different subtypes and terminology of lung disease in the USIDNET registry that was included as ILD and their relative proportions are shown in Fig. 1 . The general term ILD was the most common designation in CVID (5.34%), with sarcoidosis (3.21%), multiple nodules (2.9%), lymphocytic interstitial pneumonia (LIP) (2.67%), pulmonary granuloma (1.87%), and follicular bronchiolitis (FB) (1.74%) being the other most prevalent ILD diagnoses input into the USIDNET registry for these patients. In XLA, 1.25% were denoted as having restrictive lung disease and 0.62% had the general term ILD associated with them, but none had diagnoses of sarcoidosis, multiple nodules, LIP, pulmonary granuloma, or FB. Asthma was also much more prevalent in patients with CVID (31.2% compared to 10.3% of XLA, P < 0.001) with an odds ratio of 3.95. Additionally, sinusitis was significantly higher in patients with CVID compared to those with XLA (76.9% vs. 48.8%, odds ratio 3.5, P < 0.001) as were other upper respiratory tract infections (56.5% vs. 18.8%, odds ratio 5.62, P < 0.001). Bronchiectasis (13.5% vs. 8.4%, P = 0.02) and pneumonia (63.3% vs. 49.1%, P < 0.001) were also higher in CVID, but the odds ratio was lower for these conditions at 1.68 and 1.79, respectively. Thus, despite the fact that antibody deficiency is more profound in XLA, acute respiratory infections as well as the chronic pulmonary complications of asthma, bronchiectasis, and ILD were all more common in CVID. 
Clinical and Laboratory Comparison between CVID Patients with and without ILD
To further identify factors associated with ILD in PAD, characteristics of patients with CVID with ILD (+ILD) and without ILD (−ILD) were compared (Table 3 ). There were no differences in age at symptom onset, diagnosis, or last clinical visit between CVID patients with or without ILD. CVID patients with ILD had significantly lower CD4+ (P = 0.005) and CD8+ T cells (P < 0.001) as well as CD19+ B cells (P < 0.001). Pre-diagnostic IgG (P = 0.009) and serum IgA (P = 0.05) were also lower in patients with ILD, while IgM (P = 0.631) was similar between groups. CVID patients with ILD more frequently had a history of pneumonia (78.5% vs. 60.7%, P < 0.001) and bronchiectasis (25.2% vs. 11.5%, P < 0.001) compared to those without ILD. There was no significant difference for sinusitis or upper respiratory tract infections between CVID patients with or without ILD. Thus, reductions of lymphocyte subsets and Ig levels as well as infections of the lower respiratory tract were associated with the presence of ILD in CVID.
To gain insight into whether generalized immune dysregulation is associated with ILD in CVID, the prevalence of autoimmune conditions was compared between CVID patients with and without ILD. A diagnosis of autoimmune disorders was significantly higher in patients with ILD compared to patients without ILD (OR = 1.57, P = 0.041). This difference was mainly due to the higher prevalence of cytopenic autoimmune disease in patients with ILD compared to patients without ILD (OR = 2.68, P < 0.001) as there was no significant difference in the prevalence of non-cytopenic autoimmune disease between the two groups (Table 4) . Results showed that the prevalence of autoimmune thrombocytopenia and autoimmune hemolytic anemia was higher in patients with ILD compared to patients without ILD (P = 0.001 and P = 0.016, respectively). There was no significant difference in the prevalence of autoimmune neutropenia between both groups, but only eight patients in total had autoimmune neutropenia. These findings indicate that ILD is associated with autoimmune cytopenias in CVID.
Clinical and Laboratory Comparison between CVID Patients with and without Asthma
Finally, we examined whether the parameters associated with ILD in CVID were also shared with asthma, as asthma was the most common chronic lung disease reported in CVID and, like ILD, the role of PAD in its pathogenesis remains unclear. CVID patients with asthma (+asthma) were more likely to be male (46.4% vs. 35.5%, P < 0.007), but otherwise there was no difference in patient demographics between the two groups (Table 5) . CVID +asthma had lower IgA and IgM (P < 0.001 and < 0.009, respectively) compared to CVID patients without a diagnosis of asthma (−asthma). Notably, IgE was not statistically different between CVID patients with or without asthma. Unlike ILD, there was no difference in CD19+ B cells, CD4+ T cells, or CD8+ T cells between the two groups. Together these results demonstrate that asthma is associated with male sex and lower levels of IgA and IgM in CVID, 
Discussion
While Ig deficiency may influence susceptibility to pulmonary complications in PAD, acute respiratory infections, like sinusitis, and chronic lung disease, such as asthma and ILD, often occur despite IgG replacement therapy [23] . There are significant differences in immune dysfunction within the spectrum of PAD, including variability of immunological factors other than the IgG deficit that is therapeutically corrected. Likewise, susceptibility to lung disease fluctuates significantly among PAD patients for reasons incompletely defined. We leveraged the USIDNET registry to find that susceptibility to specific pulmonary complications varied between CVID and XLA and were differentially associated with clinical and laboratory characteristics in CVID.
We found upper respiratory infections, pneumonia, and bronchiectasis to be more common in CVID, despite Ig levels and B cell counts being lower in XLA. Correspondingly, we found CD4+ and CD8+ T cells reduced in CVID compared to XLA, as reported in smaller PAD cohorts [24] [25] [26] [27] . This deficit of T cells may contribute to the increase of pulmonary infections in CVID. Community-acquired respiratory infections are more common in HIV+ patients with lower CD4+ T cell counts [28] , and deficiency of mucosal-associated invariant T cells has also been associated with increased respiratory infections [29, 30] . Additionally, we previously found bronchiectasis to be associated with reduced CD4+ T cells in a 61 CVID patient cohort from Mount Sinai [31] . Future studies should be conducted to elucidate how T cell deficiency may underlie the increase in respiratory infections seen in CVID relative to XLA or provide an alternative to explain differences in respiratory infections between these two severe forms of PAD.
ILD was far more commonly reported in CVID compared to XLA. The ILD that occurs in CVID is defined by pulmonary lymphoid hyperplasia, which manifests as follicular bronchiolitis (FB) when limited to the peribronchial areas and lymphocytic interstitial pneumonia (LIP) with more diffuse lung involvement (31) (32) (33) (34) (35) (36) . FB and LIP were among the most common ILD diagnoses for CVID in USIDNET, while no XLA patients had these diagnoses. B cells may be a key factor for CVID ILD as it is ameliorated by rituximab, potentially explaining its absence in XLA [37] . Infections have been associated with this ILD [31, [38] [39] [40] [41] which did occur more frequently in CVID patients with history of pneumonia or bronchiectasis. However, this result differed from our previous work from a single center that did not find ILD to be associated with bronchiectasis or pneumonia [31] . This may reflect demographic differences or less stringent means used by the USIDNET registry to categorize patients. Chronic lung disease is frequently misdiagnosed in these patients, as evidenced by the fact that sarcoidosis was reported in 3.21% of subjects but is typically a misdiagnosis of LIP and/or FB in CVID [42, 43] . Rather than infection, inborn immune dysregulation may underlie ILD, as shown by specific genetic variants of CVID [44] [45] [46] [47] [48] . Indeed, this study and others found patients with CVID and ILD more likely to have autoimmune cytopenias than other CVID patients [20, 31, 49] . Thus, our results indicate possible roles for infectious as well as noninfectious causes of ILD in CVID and further work is needed to better understand the pathogenesis of this pulmonary complication. Among CVID patients, we found ILD to be associated with reduced CD4+ and CD8+ T cell counts. While lower CD4+ T cell counts have not been previously linked with ILD in CVID, reduced levels of CD8+ T cells have [32] . Considering that lower CD4+ T cell counts have been linked with bronchiectasis in CVID [31] and pulmonary diagnoses in USIDNET are not necessarily confirmed by imaging or pathology, bronchiectasis cases may have been listed as ILD in USIDNET. Alternatively, the prior single-center studies may not have been adequately powered to detect the association of lower CD4+ T cells with ILD. Another explanation could be that CD4+ T cell counts may have been reduced by immunosuppressive therapy used to manage ILD, which would have been accounted for in the single-center study but not in USIDNET. Further efforts to understand how deficiency of T cell subsets contribute to ILD in CVID is needed.
Rather than being associated with autoimmunity and reduced T cells like ILD, asthma was linked with reduced IgA and IgM in CVID. There was no association with IgE levels and asthma, but specific IgE against allergens may be absent in PAD patients with allergic asthma [42, 50] . Lower Ig levels in CVID were associated with increased respiratory infections which could predispose to more asthma exacerbations. IgM that protects against respiratory infection may be absent in CVID patients with more profound Ig deficiency [51] . However, asthma was actually higher in CVID relative to XLA despite Ig deficiency being less severe in these patients. The higher burden of respiratory infections reported in CVID compared to XLA might be contributing to this higher prevalence of asthma. Alternatively, reduction of regulatory T cells in CVID may increase susceptibility to asthma relative to XLA. Numerous studies have identified reductions of regulatory T cells in CVID [52] [53] [54] [55] . While the mechanisms that underlie asthma in PAD remain elusive, our results suggest that investigations into the role of T cells as well as other differences between CVID and XLA may prove informative. Despite the fact that both are forms of PAD defined by profound Ig deficiency, we found that pulmonary complications were more common in CVID than XLA. Moreover, we found that ILD and asthma were associated with divergent clinical and laboratory characteristics in CVID. While USIDNET registry data is limited in its ability to account for differences in age at start of Ig replacement, diagnostic delay, IgG trough, or other related variables, the data were consistent with known features of CVID and XLA. There was no differences between age of symptom onset and age of diagnosis between CVID patients with and without ILD or with and without asthma, suggesting that age or diagnostic delay may not contribute to these pulmonary complications. Thus, our results indicate that susceptibility to specific pulmonary complications in PAD is determined by factors that extend beyond antibody deficiency and include PAD diagnosis as well as differences in T cells and association with autoimmune disease. Further exploration of antibody-independent mechanisms of pulmonary disease may help identify novel treatment to complement Ig replacement therapy.
